Membrane potential, conductance, and intracellular potassium concentration were measured in oligodendrocytes in 3-to lo-week-old cultures of embryonic mouse spinal cord. After intracellular recording the cells were first injected with Lucifer Yellow and then stained by immunofluorescence using rhodamine-labeled monoclonal antibody 01 specific for oligodendrocyte cell surfaces. The membrane potential of these identified oligodendrocytes was in mV -66 + 4.3 SD; it could be reversibly reduced almost to zero by the addition of ouabain. Changes in external K+ but not Na+, Ca++, or Cl-changed the membrane potential. A lo-fold increase in extracellular potassium concentration ([KQ depolarized the cell by about 52 mV. This is less than the 61 mV predicted by the Nernst equation for a K+ electrode assuming a constant intracellular potassium concentration ([K+]i).
The membrane potential (V,) of glial cells depends on the extracellular potassium activity. In the optic nerve of Necturus the glial cell membrane behaves as an accurate electrode for [K+] from about 2 to 200 mmol/liter. This means that the membrane potential can be described by the Nernst equation ( V, = R. T/Z. F ln [K+] o/[K+]i) for extracellular potassium changes assuming a constant intracellular potassium concentration (Kuffler et al., 1966) . In the mammalian central nervous system, some authors have found good agreement between the glial V, and the Nernst prediction (Lothman and Somjen, 1975) , whereas others have found a considerable discrepancy from the predicted values (Ransom and Goldring, 1973; Futamachi and Pedley, 1976 ; for reviews see Orkand, 1977 , 1979 . Several hypotheses have been proposed to explain the discrepancy between the observed V,, and that predicted for a K' electrode. These include possible diffusion barriers, a significant membrane con- ' ductance to other ions, electrogenic pumps, leakage currents, and changes in [K']i (Picker et al., 1981) . Most of the above cited recordings were presumably made from astrocytes. There is little known of the electrical properties of oligodendrocytes or of their V,,, and its ionic basis. In a culture system, Moonen and Nelson (1978) studied the electrophysiological properties of avian astrocytes. Their cultures contained about 10% of nonglial cells, and positive identification of individual cells was, therefore, not possible. In the present study our culture system also contained more than one cell type. However, following recording of electrical properties or intracellular potassium, the cell was injected with Lucifer Yellow (Stewart, 1981) and then the entire culture was incubated with the monoclonal antibody 01 which selectively stains the more mature oligodendrocytes (Sommer and Schachner, 1981; Schachner et al., 1981) . This permitted positive identification of the cell which was studied.
Materials and Methods
Cell culture. Explant cultures of spinal cord were obtained from embryos of NMRI or C57BL/6J mice. The day a vaginal plug was found was designated as embryonic day 1. On day 14, under sterile conditions, the spinal cord was dissected out, cut into transverse slices about 1 mm thick, and placed on glass coverslips coated with dry Sonnhof and Biihrle, 1980) . In some cases cells were stained with Lucifer Yellow by using 4% Lucifer Yellow in the potential registration barrel. Staining was accomplished by applying constant current of about 5 nA for 2 to 4 min.
The culture dish was mounted on the stage of a Zeiss inverted microscope and maintained in a recording chamber at 355°C in a 3.5% CO2 atmosphere.
For electrophysiological measurements, the culture medium was replaced by a solution of salts containing in mmol/liter 116.4 NaCl, 5.4 KCl, 1 NaH2P04. HZO, 0.8 MgS04.7Hz0, 1.7 CaC12, 26 .2 NaHC03. To increase [K+] ,,, the dish was perfused with a modified solution in which equimolar amounts of NaCl were replaced by KCl. For measurements of membrane potential at low extracellular Na+, NaCl was replaced by choline chloride; for low Cll, NaCl was replaced by Na+-methylsulfate.
Cells were penetrated with the aid of a step-motor driven manipulator (Sonnhof et al., 1982 ) using a step size of 1.9 pm and a step velocity of 5 mm/set. Conventional amplifiers were used for recordings of potential and ion activities. Signals were registered on a pen writer, an FM tape, a storage oscilloscope, and an X-Y plotter. The reference electrode was an Ag-AgCl pellet connected to the bathing fluid via a strip of filter paper.
Immunocytological procedures.
After recording and dye injection, cultures were labeled with monoclonal antibody 01 to specifically mark the cell surfaces of the more differentiated oligodendrocytes Schachner, 1981, 1982; Schachner et al., 1981) . Indirect immunofluorescence was carried out on live cells as described previously (Sommer and Schachner, 1981; Schnitzer and Schachner, 1981) using tetramethyhhodamine as the fluorochrome to distinguish it from Lucifer Yellow fluorescence. In brief, live unfixed cells on coverslips were incubated for 15 min at room temperature with the antibody 01 diluted 1:20 or 1:50 in culture medium. Coverslips were washed twice in culture medium, incubated with a freshly prepared solution of 4% paraformaldehyde in phosphate-buffered saline, pH 7.3, and washed again twice in culture medium, all at room temperature. Cells were then incubated with goat anti-mouse immunoglobulin antibodies coupled with tetramethylrhodamine (GAR-TRITC; from Dynatech, Plochingen, FRG) diluted 1:lOO in culture medium. After 15 min at room temperature, coverslips were washed again twice, mounted in glycerol-phosphate-buffered saline, pH 7.3, placed upside down on a slide, and inspected with a Zeiss fluorescence microscope with phase optics and the appropriate filters for detection of Lucifer Yellow (BP 450-490, FT 510, and LP 520) and tetramethylrhodamine (BP 545, FT 580, and LP 590 (Fig. 1) . The spectra of the two fluorescent dyes could be separated completely by use of appropriate filters. Labeled structures were correlated with the appearance of cells in phase contrast optics.
Resting membrane potential. The mean value of resting membrane potential of oligodendrocytes was in mV -66 + 4.3 SD (N = 40). After penetration the membrane potential reached a stable value within 5 min and often fluctuated less than 5 mV for periods up to a few hours. Cells which did not give stable values of at least -60 mV within 10 min after penetration were not used.
Effect of ouabain on the membrane potential. As shown in Figure 2 , the addition of lop4 mol/liter of ouabain to the bath depolarized the cell near to zero in 10 to 20 min. Ten cells were tested, which all showed a similar behavior. The effect could be reversed by replacement of ouabain with ouabain-free bathing solution. Intracellular potassium activity. Stable intracellular recordings with Kf-sensitive electrodes were less frequent than with electrolyte-filled electrodes. Membrane potential and variations of extracellular Na+, Ca++, and Cl-. The ionic composition of the medium bathing an oligodendrocyte was changed while continuously recording the membrane potential. When Na+ ions were replaced by choline (Fig. 3B) or Cl-by methylsulfate (Fig. 30 ), no effect on the membrane potential of 10 investigated cells was observed. A decrease of Ca++ from 1.7 to 0.01 mmol/liter also did not affect the membrane potential of seven tested cells (Fig.  3C ). Solutions were varied by exchange of the superfu- V,, membrane potential; K+', potassium activity. Note that the rise of the K+-signal is slower than the appearance of the membrane potential due to the larger time constant of the ion-sensitive pipette.
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potential recording w&e about 1 mV. Therefore, an influence of varied ion concentrations on the membrane potential of 51 mV cannot be excluded. For a potential change of 51 mV, we can calculate, based on the Goldmann equation, that the potassium conductance of the membrane is a least 50 times higher than the conductance of sodium, chloride, or calcium ions. Since bath variations of Cl-and Na+ were accompanied by transient diffusion potentials which were detected by the potential registration barrel of the extracellular ion-sensitive electrode, microperfusion was preferred because it did not result in diffusion potentials. sion fluid or by pressure ejection of test solutions from a blunt-tipped microelectrode placed above the recorded cell. The exchange of ions was monitored with an appropriate double barreled ion-sensitive electrode in the vicinity of the cell. Slow fluctuations superimposed on the Membrane potential and intracellular potassium activity during experimental elevation of extracellular potassium. Potassium in the culture was elevated by exchange of the bath. Measurements with a potassiumsensitive electrode close to the cell showed a 95% exchange of potassium ions in the superfusing solution within 2 min. The final value of exchanged K+-concentration was reached in 8 to 10 min (Fig. 4) Kettenmann et al. Vol. 3, No. 3, Mar. 1983 Discussion In this paper we describe some basic electrophysiological properties of immunologically identified oligodendrocytes in mouse spinal cord cultures. The use of an oligodendrocyte-specific marker allowed the unequivocal distinction from other glial cell types present in the culture system. This distinction has so far not been attempted in situ by previous investigators.
Ion-sensitive recordings of both intra-and extracellular K' revealed that the membrane potential of mammalian oligodendrocytes is exclusively determined by the potassium gradient as described by the Nernst equation. It is, therefore, not necessary to explain deviations from the Nernst potential by other mechanisms described in the literature which are made under the assumption that intracellular K+-activities remain constant during elevations of extracellular K+ concentration. Interfering effects of "spatial buffering" constitute one of those mechanisms and can be excluded because alterations in [K'10 were homogeneous over the entire oligodendrocyte cell surface during bath perfusion. Contributions of Na' conductance to the membrane potential as assumed by Ransom and Goldring (1973) do not appear significant, inasmuch as a close correspondence of membrane potential and EK has been observed and because variations of extracellular Na+ concentrations did not influence the membrane potential. An increase in [K']i during elevated extracellular potassium was also found by Coles and Tsacopoulos (1981) in glial cells of the drone retina.
Determinations of intracellular KC activities with ionselective microelectrodes have to be evaluated carefully because the ion exchange resin used in the present study has a cross-sensitivity to sodium ions of 1:200. If intracellular sodium activities are changed during the event of penetration by approximately one decade, as has been observed by Buhrle and Sonnhof (1981) in unidentified glial cells in the frog spinal cord, the contribution of Na+ to the determination of K' is less than 1 mmol/liter, which is in the range of spontaneous recording fluctuations. We consider it unlikely that other ions, such as Ca++ and Cl-, interfere significantly with the potassium measurement. It is, however, known that polyatomic substances like choline react with the Corning exchange resin, and there are no data available on the content of these substances inside of cultured oligodendrocytes. An overestimation of the intracellular K' activity caused by unknown substances in glial cells of the frog spinal cord, as shown by Biihrle and Sonnhof (1981) , is also unlikely because membrane potential and K' equilibrium potential (EK) are in close correspondence. For sodium conductance an additional estimation can be derived from the values of membrane and K' equilibrium potential which differed less than 5 mV. Calculations based on the Goldman equation (Goldman, 1943) result in a Na+ conductance which is 200 times smaller than that of K+ Therefore, we assume that K+ determination is not significantly influenced by Na+.
It is possible that the K+ values determined by the electrode placed in the cell soma may differ during transient changes of [K']o from the potassium activity close to the membrane. Diffusion barriers, which could result in a K+ concentration gradient within the cells, would then affect the measurement of transient potassium changes. We do not know the depth of insertion of the electrode tip nor the intracellular diffusion constant for potassium ions. However, light and electron microscopic observations show a high surface to volume ratio of oligodendrocytes (Sommer and Schachner, 1981; Schachner, 1981, 1982) , allowing for a fast equilibration of intracellular potassium gradients. Additionally, the excellent agreement between V, and EK during transient changes suggests that these factors are of little importance.
At present, the mechanisms which lead to the intracellular potassium accumulation are not known. Spatial buffering is not involved in the observed intracellular K+ increase in these experiments because extracellular potassium is homogenously distributed in the culture dish during superfusion experiments. In cultured astrocytes, a ouabain-sensitive as well as ouabain-resistant net uptake of potassium was demonstrated by Walz and Hertz (1982) . The accumulation of potassium in glial cells may be substantially greater than documented by our activity measurements assuming a swelling of the cells during potassium uptake as proposed by several investigators, e.g., Nicholson (1980) . In situ the described potassium uptake mechanisms can effectively contribute to the regulation of [K'],,, especially under the consideration that the glial volume in brain is larger than that of the extracellular space (Dietzel et al., 1980) . At present, it is unclear whether this intracellular potassium accumulation results from passive ion fluxes or active transport. It is a matter for further investigations to analyze this effect, which represents most likely an important factor for the potassium homeostasis in the extracellular space. It will also be important to investigate whether astrocytes and Schwann cells display similar electrophysiological properties as oligodendrocytes in vitro and in situ.
